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Abstract—One of the key failure mechanisms for wiring and con-
nector systems used in the automotive industry, is fretting and fret-
ting corrosion at the contact interface of connectors. For many
years, procedures have been carried out under laboratory con-
trolled conditions to investigate both thermal and vibration fret-
ting effects using environmental chambers and fretting tests. Both
optical and visual inspections have also been adopted to observe
the movement at the contact interface. However, these methods can
be considerably inconvenient and costly. Furthermore, their suit-
ability for field applications is limited. In order to study the fret-
ting degradation at the actual interface for in-situ measurement ef-
fectively, a novel position sensor is designed to monitor the rela-
tive displacement. Thick film techniques are employed to fabricate
miniaturized and cost effective resistive devices. The sensor is as-
sembled into a connector sample by taking the place of the male
component. When the interface experiences movement, the rela-
tive displacement of the contact point would cause a corresponding
linear change of resistance measured across the male and female
connection. The sensors are validated by a series of experiments
and subsequently used in a field test to establish the relationships
between the fretting effects with temperature, humidity and differ-
ential pressure, which is associated with temperature variation.
Index Terms—Fretting, relative displacement, temperature,
thick film sensor, vibration.
I. INTRODUCTION
T HEincreasingcomplexity of automotive electrical systemshavebroughtabout theneedformoredemandingconnector
specifications such as higher pin density as well as a larger range
of power and signal requirements. Electrical connectors are es-
sential for the installation and maintenance of components. Their
role enables defective parts to be replaced and provides flexibility
within an electrical system. The connectors for automotive ap-
plications are often subjected to harsh environmental conditions.
Long term exposure to extreme levels and rapid variations of vi-
bration, humidity, and temperature deteriorates the connectors
and reduces reliability [1].
One of the main causes for connector failure is fretting. Fret-
ting is micro-oscillatory motion that leads to surface damage by
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wear. This phenomenon is particularly important on plated sur-
faces where for example Au can wear through to a substrate ma-
terial and is particularly important with Sn plated surfaces where
fretting corrosion can occur. This phenomenon occurring at the
contact interface is due to stresses contributed by vibration and
differences in thermal expansion of contact materials [2]. The
nature of stresses are divided into two main categories namely
external stresses caused by external environment and internal
stresses that are generated within the vehicle [3]. Physical pa-
rameters such as temperature, pressure and humidity are used to
quantify the influences of these stresses. Collectively, they form
the fundamental parameters in determining the stability and the
contact resistance failure criteria for electrical systems [4].
In view of the environmental influences and the associated
fretting behavior, various tests have been used to ascertain re-
liability [1], [5]. Standardization of these test procedures and
parameters has been employed by connector manufacturers to
allow uniform assessment [6]. Studies have shown that although
these tests have been used as a guide for connector evaluation, in
comparison to the results from field experiments [7], the acceler-
ated tests may have unrealistic conditions which induce failure
by artificially exceeding the thresholds for a given design. It is
also noted that for many measurements, some of the parame-
ters are not obtained from the most likely point of degradation
which in most cases is the contact interface. In order to minimize
the misrepresentation of the measured results, in-situ measuring
techniques should be employed to acquire the various parame-
ters. The in-situ measurement of the environmental parameters
was presented in a previous study [8], which forms the basis
of the methods presented here. The parameters were measured
using commercially available miniaturized sensors which are
sufficiently compact to be placed at relatively close proximity
to the contact interface.
The objective of this paper is to relate the amount of micro-
movement at the contact interface with the environmental pa-
rameters namely temperature, humidity and differential pres-
sure. In this study, a novel thick film displacement sensor has
been developed to monitor the micro-movement at the contact
interface. The study involves a series of experiments to cover
typical as well as extreme operating ranges by using laboratory
equipment to provide the necessary simulations. The investiga-
tions are extended to include tests under practical conditions
where the same parameters are measured with the connectors
placed at various strategic positions around the engine compart-
ment of a vehicle. The procedure is modified from previous field
studies for automotive applications where thermal stress levels
1521-3331/$25.00 © 2008 IEEE
Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on June 15, 2009 at 09:48 from IEEE Xplore.  Restrictions apply.
LAM et al.: DISPLACEMENT MEASUREMENTS AT A CONNECTOR CONTACT INTERFACE 567
Fig. 1. Connector housing.
inflicted by real world environmental situations have been de-
termined [1], [9].
II. SENSOR APPLICATION TO THE CONNECTOR HOUSING
A. Connector Housing
A commercial plastic connector housing as shown in Fig. 1
is used for all the laboratory and field experiments. The housing
is made of semi-crystalline, thermoplastic saturated polyester
filled with 10% glass fiber. The interior is designed to include
sealing features. The unit accommodates six terminal pairs with
multicored cables and at each insertion entrance; a polymer ring
is used to seal the individual cable housing cavity. The contact
terminals used in the commercial device are Sn plated surfaces.
B. Sensors for Measuring the Environmental Parameters
The environmental parameters of interest to the investiga-
tion are temperature, humidity, and differential air pressure. The
sensors used for measuring these parameters are positioned in
similar ways as previous study [8]. To measure the on-going
changes in temperature near the contact interface, a miniatur-
ized K type thermocouple measuring approximately 0.5 mm
by 0.5 mm is sufficiently small to be inserted into the con-
nector housing, as shown in Fig. 2. The insertion entrance of
the cable housing cavity enclosing the thermocouple is covered
with epoxy so as to retain the sealing capability of the original
cables. The voltage output of the thermocouple is connected to a
monolithic thermocouple amplifier with cold junction compen-
sation to perform signal conditioning and linearization prior to
data acquisition. The relative humidity (%RH) levels near the
contact interface have been measured by a solid-state capaci-
tive-based humidity/moisture sensor with the package dimen-
sions of 9 mm by 5 mm (refer to Fig. 2). As the output of the
humidity sensor in terms of voltage is linearly proportional to
%RH level, mathematical conversion can be easily performed
to obtain the corresponding results.
Increasing interest in the influence of differential pressure
arises due to the introduction of well-sealed connector designs.
Although this feature allows connectors to be used in a larger
range of applications, the concerns about pressure buildup
within the connector housing on fretting should be addressed.
A change of temperature and therefore air pressure inside
the connector housing could lead to micro-movement at the
contact interface. This in turn would affect the reliability of
the connector. Differential pressure is calculated by taking the
difference between the absolute pressures with reference to
Fig. 2. Position of miniaturized thermocouple within the connector housing.
Fig. 3. Thick film position sensor prototype assembled as an equivalent male
plug.
vacuum measured inside and outside the connector housing.
A piezoresistive pressure sensor is securely attached at the
insertion entrance of the cable housing cavity via a protruding
port and a second identical sensor is placed outside the housing
to measure the external pressure.
C. Thick Film Sensor for Measuring Micro-Movement
The physical behavior at the contact points is monitored via a
novel sensor design for in-situ measurement. There are mainly
two specifications which the sensor needs to satisfy. They in-
clude the ability to measure real-time relative displacement at
the contact point and the sensor needs to be small enough to
be placed inside the connector housing as an equivalent plug-
socket assembly without introducing changes to the actual be-
havior and motion at the contact interface. The use of thick
film technology has been exploited to meet the requirement of
miniaturization in sensor design [10]. The concept of the sensor
design is based on the working principle of a simple voltage
divider along a resistive load. The design includes a cermet
(glass/PtAg alloy) resistor strip printed along the length of the
substrate and soldering terminals are included for external cir-
cuitry connection. The (16 2.8 0.76) mm substrate is chosen
to closely match the male terminal so that a direct replacement
can be made at the plug assembly as seen in Fig. 3. With a fixed
dc voltage applied across the 0.6 mm wide resistor, the voltage
measured by the female terminal corresponds to the position of
the contact point as illustrated in Fig. 4. As the contact parts un-
dergo a fretting motion, the voltage measured at the female pin
changes accordingly.
A static calibration test has been carried out to quantify the
relationship between the measured voltage and the relative dis-
placement. The sliding plate is moved at known intervals of dis-
placements and the corresponding voltage outputs from the fe-
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Fig. 4. Schematic representation of sensor’s working principle.
Fig. 5. Static calibration curve of thick film displacement sensor.
Fig. 6. Cross-sectional view of position sensor assembled in connector
housing.
male terminal recorded as shown in Fig. 5. The sensitivity of
the sensor was found to be approximately 1.18 V/mm with a dc
voltage supply of 5 V. The sensor has been tempera-
ture compensated by using another identical device as reference
during measurements. With the sensor calibrated, the thick film
position sensor is anchored into place by the locking lance of
the encasing jack as illustrated in Fig. 6.
D. Sensor Analysis
The fabrication process leads to non-ideal characteristics of
the thick film position sensor. To determine the contribution of
the imbalance in resistance distribution caused by the use of
different materials, a simplified analysis can be undertaken and
Fig. 7. Electrical equivalent of the thick film sensor.
an electrical equivalent of the sensor as shown in Fig. 7 is em-
ployed. The parameter represents the distance to the contact
point and is the total physical length of the resistor strip. In
practice, the resistances and are variables that are de-
pendent on temperature . The change of output voltage with
respect to temperature can be evaluated as (1), shown at the
bottom of the page, where and are the resistances at
0 ; and are the respective temperature coefficients
of resistance at 0 .
The maximum change of voltage with temperature,
occurs with (2), shown at the bottom of
the page.
Substituting the variables with numerical values gathered
from the respective data sheets into (1), the change of output
with respect to temperature can be evaluated for different posi-
tions of the contact point. This analysis is useful when making
choices for the materials required for fabricating the thick
film position sensor which in turn, minimizes the influence of
temperature on the output due to the imbalance of resistance
distribution.
III. EXPERIMENTAL METHODS
The experiments are presented in three stages.
Stage 1
Initial tests are conducted to investigate the displacement
sensor performance. To simulate the influence of vibration
under laboratory conditions, the fretting apparatus shown
in Fig. 8 is used [11]. The thick film sensor without the
connector housing was subjected to a fretting motion of
100 at 0.17 Hz. Displacement measurements made are
compared to the output from a linear variable displacement
transducer (LVDT) at intervals of 1 s. This procedure was
repeated for a thick film position sensor assembled into a
connector housing. Fig. 9 shows the schematic represen-
tation of each configuration and the locations where the
sample was clamped and held onto the fretting jig.
(1)
(2)
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Fig. 8. Fretting jig.
Fig. 9. Clamped positions onto fretting jig for samples (a) with housing and
(b) without housing (arrows indicating clamping points).
Stage 2
A series of simulated laboratory experiments were used
to evaluate the influences of environmental parameters
that result in indirect sources of movement at the contact
interface. The connector housings accommodating the
thermocouple, humidity sensor, pressure sensors and thick
film position sensor were placed in a climatic testing
chamber (series SB, System Weiss). In addition, similar
sensors were used to record the external parameters. To
establish an independent analysis of each environmental
factor, a second thick film displacement sensor was po-
sitioned in the chamber without the connector housing.
The samples were subjected to thermal shock cycles
which were modified from the USCAR standards [12]
(refer to Fig. 10 for the representation of a single cycle).
The complete test consisted of 4 such cycles so that the
repeatability of the measurements could be observed.
Stage 3
In this experiment the connector housing is mounted in a
test vehicle, and the field test consists of a series of 10-min
drive periods on typical UK roads. The connector samples
are clamped onto a fixture which is secured within the en-
gine compartment as shown in Fig. 11. The cables were
tied to parts of the car frame so that their presence does not
interfere with the normal operation of the vehicle. The fit-
ting conditions were carried out accordingly to represent as
closely as possible to the situation of a typical automotive
connector. Data was acquired from the respective sensors
with the same methodology used in the laboratory tests.
Fig. 10. Single thermal shock cycle.
Fig. 11. Connector within engine compartment.
IV. RESULTS AND DISCUSSIONS
A. Stage 1 Study: Influence of Forced Fretting
In this test, 2 sensors were subjected to continuous fretting
motion of 100- amplitude. The sensors with no housing
were secured to the fretting jig, held at the connecting cables.
The second sensor assembled within the housing was fixed to
the fretting jig by clamping the housing structure (see Fig. 9).
Fig. 12 shows a comparison of the displacement for the two
sensor configurations with the LVDT output. Both sensors
show a linear output, with a linear fit shown in the figure. The
sample with no housing shows a displacement of approximately
78 , or 78% of output from the LVDT. This difference can
be attributed to misalignment of the thick film sensor, possible
’rocking’ motion at the contact point as well as the wire and
component flexure.
A key point to be emphasized here is that the influence on the
motion characteristics due to the presence of the thick film dis-
placement sensor has been minimized by designing the sensor
according to the dimensions of the metallic contact. The thick
film surface and the metallic contact surface have also been eval-
uated to assess the levels of hindrance to movement by sub-
jecting the two contacts to constant tension and compression
forces. In this simple experiment, the initial position of the con-
tact point was marked on the thick film surface. After subjecting
it to a fixed tension force, the displacement of the contact point
was measured. Using the exact same method and setup, the
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Fig. 12. Displacement measurement made from fretting.
displacement of the contact point for the metallic contact sur-
face was recorded. They were found to be the same, hence sug-
gesting comparable frictional losses. Therefore, the in-situ mea-
surements made are viable representations of the actual changes
affecting the contact position.
The sample with the housing clamped onto the fretting jig
shows a much reduced displacement of approximately 16 .
The difference in results are due to two main features within the
housing structure namely the anchorage of the locking lances
and the buffered effect created by the rubber-like sealing around
the mating area between the male and female components.
B. Stage 2 Study: The Influence of Environmental Parameters
The results presented are attributed to three main parameters,
the differences in thermal expansion of the materials involved,
the pressure buildup within the connector housing and the hu-
midity. The influences of the three parameters on micro-move-
ment at the contact point are presented separately. It is impor-
tant to note that investigations have been carried out using sev-
eral identical samples and the results presented are typical re-
sponses.
1) Temperature: The relationships between the displacement
of the contact point and the temperature for the thick film sensor
without the housing and the sensor assembled in the connector
housing are shown in Figs. 13 and 14 respectively. The tempera-
ture range for both the sensors inside and outside the connector
housing are from 5 to 90 . This agrees with a previous
study [8] where the temperature measured inside the connector
housing was found to follow relatively closely to the external
varying temperature with only a time delay of approximately
5 mins. In Fig. 13, minor movement at the contact interface
for the sample without the housing is recorded at an equiva-
lent maximum displacement of 8 . This value is evaluated
by taking the difference between the largest and smallest dis-
placement values within the operational temperature range. As
temperature increases, the measured displacement at each tem-
perature interval appears to follow an irregular pattern. For the
sample assembled in the connector housing (Fig. 14), an overall
increase in displacement is observed as temperature increases
although between 30 and 60 , the output fluctuates. The
Fig. 13. Relationship between displacement and temperature for sample
without housing (no pressure influence).
Fig. 14. Relationship between displacement and temperature for sample as-
sembled in connector housing (with pressure influence).
maximum displacement is in this case 17 which is approx-
imately three times greater than the sample without housing.
The irregularity of the displacements can be the influences of
a number of factors, such as, the temperature resistance relation-
ship, the imbalance in distribution of material resistance along
the thick film sensor [13], the presence of electrical noise and
the smoothness of contact point movement along the position
sensor, also related to the surface roughness.
Consideration of the influence of the temperature change on
the materials can be evaluated using the theoretical representa-
tion in (1), where the resultant output voltage (or displacement)
is inversely proportional to temperature. Using the experimental
conditions; , , ,
, and into (1)
and (2), the maximum change in output voltage is
calculated to be in the order of for temperature changing
from 90 to 5 . The equivalent displacement is in the region
of which is a significantly small value as compared to
conventional fretting amplitudes [14], [15]. It can therefore be
concluded that the change of material resistances reflected in
the output voltage under thermal influences is negligible. With
a low level of electrical noise it is expected that the irregularity
in the displacement results from the nature of the motion of the
sliding surfaces, which is discussed below.
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Fig. 15. Relationship between displacement and differential pressure.
2) Differential Pressure: The sealed housing design will lead
to a pressure changes as the temperature changes. This creates a
difference between the external and internal pressure, allowing
components to move. The rise in differential pressure is associ-
ated with the temperature cycle as depicted in Fig. 10. Fig. 15
shows the relationship between the displacement measurement
and differential pressure as well as temperature (averaged data
from Fig. 14). The maximum displacement is approximately
14 .
One of the significant errors is in the nature of the frictional
force between the rider and the thick film sensor. This sensor is
designed to measure displacement along the sensor main axis.
Ideally, if a surface on which the contact moves experiences
negligible amount of friction, the relationship between dis-
placement and differential pressure should be linear. However
in practice, it is expected that the interface friction, along
with the housing to gasket friction and viscoelastic responses
of materials would cause non-linear outputs. To examine the
interface friction, a 3-D surface profiler (XYRIS 4000CL)
has been used to measure the surface profile of the thick film
sensor. The surface (1 mm 3 mm) shown in Fig. 16, has
a wave pattern on the surface which runs perpendicular to
the direction of rider motion. This is expected to result in a
discontinuous sliding motion with the applied forces. A typical
cross-section in Fig. 16(a) shows the roughness along the 1 mm
length of the thick film surface, the averaged surface waviness
is 0.8 . The unevenness and non-uniformity may obstruct
smooth movement at the contact point and could account for
the non-linear response seen in both Figs. 14 and 15.
V. HUMIDITY
A previous study [8] has shown that the relative humidity
(RH) levels measured inside the connector housing remained
unchanged under the condition where the external RH levels
was controlled to vary from 30%RH to 95%RH with temper-
ature kept constant. In order to evaluate the effect of varying
RH levels on the sensor output, displacement should be studied
with the absence of the connector housing.
Fig. 16. Surface profile of thick film sensor.
In this experiment, the measured RH levels inside the con-
nector housing range from approximately 30%RH to 50%RH
throughout the 4 continuous thermal shock cycles. To effectively
isolate the influence of RH levels from temperature variation on
displacement, a sample without the connector housing has been
subjected to the same range of RH levels at 25 . This result
showed that under these conditions movement at the contact in-
terface is not affected by varying RH levels.
A. Stage 3 Study: Field Test With Sensors in the Connector
Housing
The results obtained from a series of field tests were anal-
ysed and the relationship between displacement and the envi-
ronmental parameters of temperature and differential pressure
are established as plotted in Fig. 17. It is noted that the tempera-
ture measured near the contact point ranges between 27 and
42 , giving a temperature change of 15 . Under the field
test conditions, the differential pressure is found to be between
and 0.13 kPa. Within this range, the displacement
is 14 and forms a relatively linear relationship to the ab-
solute differential pressure. The increase in temperature is rel-
atively small when compared to the temperature range used in
the laboratory test, which in turn reduces the differential pres-
sure change. Using the laboratory results shown in Figs. 14 and
15, the corresponding calculated displacement for the temper-
ature range of 27 to 42 would be expected to be 7
and for the differential pressure between 0.30 and 0.13 kPa,
12 . The difference between the laboratory differential pres-
sure and field measurement is 2 .
From previous research [1], wear-scars on tin-plated con-
tacts taken from vehicles that had undergone reliability tests in-
volving extreme conditions were found to be as high as a few
hundred micrometers. It is anticipated that under normal (less
extreme) conditions, the influence of fretting would be reduced
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Fig. 17. Influence of environmental parameters on displacement for field test.
accordingly. In the field test the cables or wires connecting the
thick film position sensor in the connector housing to the data
acquisition system were fixed to different sections of the car
frame. This means that when the vehicle is in motion, the vi-
bration experienced at the fixture holding the connector housing
would be different from that of the cables. This would result in
the flexing of cables due to the influence of forced fretting as
described in Section IV-A and this factor would likely be ac-
countable for the difference observed in the outputs. It is also
noted that vibration acting on the connector housing used could
be up to 6 times larger than the actual movement measured at
the contact point (Fig. 12). However, the influence of the vibra-
tion was not studied for this investigation.
These field tests have been carried out over a relatively short
period of time as compared to the average operational lifespan
of a vehicle. Therefore, although the range of parameters may
not appear as significant with respect to the laboratory test spec-
ifications, the potential of employing the respective sensors for
monitoring and evaluating the connector failure mechanisms
has been demonstrated.
VI. CONCLUSION
A novel in-situ position sensor for monitoring fretting motion
has been designed and developed using thick film techniques.
The sensor allows real displacement measurements to be made
at the connector interface in-situ. The results show that after
calibration and laboratory testing, the device can be used in a
real application, in this case a road tested vehicle.
The thick film displacement sensor, which is a simplified
design for limited measurements in only a single lateral axis,
proves to be adequate for this initial investigation where the
movement of the contact point can be detected. In the event
where the movement of the contact point occurs in various spa-
tial directions, a more comprehensive hence complex array of
sensing elements would be required. This aspect will be incor-
porated into the future sensor design so as to achieve a complete
account for the displacement
The influence of vibration was studied by applying conven-
tional forced fretting tests in the laboratory. It was found that
for a known amount of fretting force (in terms of ) exerted
on the connector housing, the displacement at the contact point
was approximately 0.158 times that of the applied fretting dis-
tance, as a result of compliance in the housing.
In the laboratory tests, the influence of pressure as a result of
external temperature changes on the sealed connector housing
has been shown to be important. The internal pressure changes
resulting from the temperature cycling caused micro-movement
of approximately 17 at the contact point.
In the field test study where the samples were placed in
the engine compartment of a vehicle which was driven for a
number of tests, each lasting approximately 10 min. In general,
it was found that the trends depicting relationship between dis-
placement and temperature and differential pressure obtained
from the field test agree with that of the laboratory experiments,
although the respective absolute magnitudes were different.
The field experiment has demonstrated the viability of using the
novel thick film sensor for in-situ displacement at the contact
interface for practical applications, and that fretting displace-
ment can be measured directly in a real operation environment.
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